INTRODUCTION
The vegetative propagation of coffee (Coffea arabica L.) via somatic embryogenesis facilitates the rapid evaluation of F1 hybrids and segregating genotypes in genetic breeding programs, allowing clonal varieties to be developed in only 10 years (Caixeta et al. 2008 , Salgado et al. 2014 . Large-scale multiplication via somatic embryogenesis has been used for the dissemination of F1 hybrids with high levels of heterosis in Central America ) and is becoming a reality in Mexico (Etienne et al. 2013) and Brazil (Carvalho et al. 2013 ), in part due to advances in the use of temporary immersion bioreactors for the production of pregerminated embryos (Ducos et al. 2007b) . While the cost-effectiveness of somatic embryogenesis for commercial coffee propagation remains unsatisfactory, profitability could be enhanced by optimizing the multiplication protocol thus decreasing the production cost per somatic seedling (Etienne et al. 2013) . The concentrations and relative amounts of auxin and cytokinin vary greatly among protocols for the in vitro cultivation of coffee. For embryogenic callus multiplication, Teixeira et al. (2004) suggested the use of 1.0 mg L -1 2,4-dichlorophenoxyacetic acid (2,4-D), 1.0 mg L -1 indolebutyric acid (IBA), and 2.0 mg L -1 2-isopentenyl adenine (2-ip), while Menéndez-Yuffá et al. (2010) and Etienne et al. (2005) 
The regeneration of somatic embryos in coffee has been achieved with a wide range of growth regulators. Bertrand et al. (2011 , and Menéndez-Yuffá et al. (2010) reported the use of a combination of adenine sulfate and 6-benzylaminopurine (BA), while Afreen et al. (2002) used IBA, adenine, and BA and Papanastasiou et al. (2008) and Albarrán et al. (2005) used only BA. Teixeira et al. (2004) reported that 0.25 mg L -1 naphthaleneacetic acid (NAA) can efficiently regenerate globular embryos in semisolid medium, but that regeneration in liquid medium is variable.
After induction of embryogenesis, which is usually conducted in Erlenmeyer flasks, Petri dishes (Carvalho et al. 2013) , or bioreactors (Barry- Etienne et al. 2002) , the globular stage embryos are transferred to temporary immersion bioreactors for growth and maturation. BA is commonly added at this phase (Pereira et al. 2007 , Etienne et al. 2013 ) to assist embryo development. However, it is desirable that the cotyledonary embryos develop a root system to support plant growth during acclimatization (Ducos et al. 2007b ). Therefore, a combination of cytokinin and auxin has been suggested for application during embryo maturation (Andrade et al. 2001 , Teixeira et al. 2004 ).
The study aims to compare the efficiency of previously used liquid media for coffee, evaluating NAA concentrations in liquid medium and proline in semi-solid medium in the regeneration of somatic embryos and asses concentrations of BA and IAA in the maturation of embryos in temporary immersion bioreactors.
MATERIAL AND METHODS
Four experiments were conducted with three mother plants of Siriema, a Coffea arabica L. population derived from a cross between Coffea racemosa x Coffea arabica with resistance to leaf rust and leaf miners.
The culture media used in this study are described in Table 1 . The pH of all culture media was adjusted to 5.6 ± 0.1 and addition of 2.8 g L -1 Phytagel® (Sigma, St. Louis, USA). The media were autoclaved at 121 °C and 1 atm for 20 minutes. Only gibberellic acid (GA 3 ) and 2-isopentenyl adenine (2-ip) were filtered and added to the media after autoclaving.
Embryogenic calli were induced from young, fully expanded leaves using PM and SM media, according to the protocol described by Teixeira et al. (2004) but modified to increase the concentrations of 2,4-D and 2-ip in the PM medium (here called MI medium) to 4.42 mg L -1 and 4.1 mg L -1 , respectively. The embryogenic calli were cultured in Petri dishes for three months before the experiments.
In a laminar flow hood, 20 mL of T3 or MM liquid media were added to 125-mL Erlenmeyer flasks and inoculated with 200 mg of embryogenic callus. The flasks were sealed with aluminum foil and placed in an orbital shaker at 100 Table 1 . Culture media used during experiments with Coffea arabica L. rpm, in the dark, at 26 °C ± 2 °C . After one month, the suspensions of the embryogenic aggregates had been separated by color (yellow or whitish) and were used to start the experiment. The cultures were subcultured every 15 days.
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A completely randomized 2 x 2 factorial design with six repetitions was used to compare the multiplication rates of embryogenic aggregates with different colors (yellow or whitish) (Ribas et al. 2011) in the two liquid media T3 (Boxtel and Berthouly 1996) and MM (Teixeira et al. 2004) (Table 1) ; and the percentage of mass increase for the embryonic aggregates, (I%) calculated by the formula [(FM*100/ Initial mass) -100] were evaluated after 60 days.
The effect of NAA on the regeneration of globular embryos was evaluated using embryogenic aggregates previously grown in T3 liquid medium. The treatments consisted of five different concentrations of NAA (0.00, 0.25, 0.50, 1.00 and 2.00 mg L -1 ) added to RM culture medium (Teixeira et al. 2004) (Table 1) without malt extract and casein hydrolysate and supplemented with 1.0 g L -1 proline. A completely randomized design with six repetitions was used. Each repetition consisted of 20 mL of liquid medium in a 125-mL Erlenmeyer flask inoculated with 20 mg of yellow embryogenic aggregate. The flasks were sealed with aluminum foil, placed in an orbital shaker at 100 rpm in the dark at 26 °C ± 2 °C, and subcultured every 15 days (Teixeira et al. 2004 ). The total number of regenerated globular embryos was determined 60 days after the start of the experiment.
To study the effect of proline on the regeneration of somatic embryos, a modified RM medium (Teixeira et al. 2004 ) designated as RR medium was used. RR consists of RM medium without malt extract and casein hydrolysate and with 20 mg L -1 NAA. Proline at concentrations of 0.0, 0.5, 1.0, 2.0 and 4.0 g L -1 was added to the RR medium. Four 100 mg sectors of embryogenic aggregate grown in T3 liquid medium for two months were placed in 90 mm diameter Petri dishes and kept in the dark at 26 °C ± 2 °C. The calli were subcultured every 30 days for 120 days. After this period, the total number of globular embryos per sector was estimated. A completely randomized design with five Petri dishes per treatment was used.
Globular embryos regenerated in Petri dishes with the RR medium (Table 2) were used to determine the effects of different combinations of BA and indole-3-acetic acid (IAA) on the regeneration of globular embryos. The following combinations of BA and IAA were tested in the RM medium (Teixeira et al. 2004) (Table 1) The statistical design for this experiment was completely randomized with six repetitions, i.e., six 1-L RITA temporary immersion type bioreactors (CIRAD, Montpellier, France). Each RITA was inoculated with approximately 500 globular embryos and 200 ml of culture medium, then placed in the dark at 26 °C ± 2 °C. Through an automated pumping system, the embryos were immersed in the medium for two minutes every 12 hours.
After six weeks of subculturing, each medium was renewed and supplemented with 0.5 mg L -1 gibberellic acid (GA 3 ). The embryos remained in the dark for four additional weeks and were then transferred to a light room with a 12 h photoperiod and light intensity of 50 µmol m -2 s -1 (Etienne 2005). Table 2 . Number of cotyledonary embryos; percentages of small (0.50-1.5 cm), medium (1.6-2.5 cm), and large (2.6-5.0 cm) cotyledonary embryos; and percentages of small, medium, and large cotyledonary embryos with roots per RITA grown with different concentrations of BA and IAA in Coffea arabica L. After 84 days under these light conditions, the total number of cotyledonary embryos per bioreactor, the percentage of small (0.50-1.5 cm), medium (1.6-2.5 cm) and large (2.6-5.0 cm) cotyledonary embryos per RITA, and the percentage of embryos with roots in each size category were evaluated.
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The data were submitted to statistical analysis with the F test at 5% probability, and the means were compared with the Scott-Knott cluster test and polynomial regression using the SISVAR statistical software program (Ferreira 2011) .
RESULTS AND DISCUSSION
The embryogenic aggregates showed higher multiplication in the culture medium MM (Table 3 ). The color of the embryogenic aggregates did not affect the rate of multiplication. The number of increases of the embryogenic aggregates was higher in the MM liquid medium. It should be noted that the concentration of 2,4-D in the MM medium was not appreciably higher than that in the T3 medium, 0.50 and 0.45 mg L -1 , respectively, because high concentrations of 2,4-D have been associated with somaclonal variation in coffee plants regenerated from tissue cultures (Duncan 1998) , which is undesirable for commercial propagation.
The size of the cotyledonary embryo is likely affected by the number of embryos produced per RITA. Etienne et al. (2006) reported an average embryo size of 1.0-1.2 cm for a RITA with 800 cotyledonary embryos, a much smaller size than found for the RITAs in the present study with 500 embryos each.
The final density of the embryogenic aggregates was higher in the culture medium MM than in T3, reaching a density 7.5 times greater than the initial density; this result was similar to that found by Teixeira et al. (2004) using the cultivar 'Catuaí Vermelho IAC 144.' As the Siriema population and 'Catuaí Vermelho IAC 144' have different genetic backgrounds , the MM medium can likely be used as the primary option for propagating various Coffea arabica clones in breeding programs.
The NAA concentrations followed a linear model. The highest concentration tested, 2.0 mg L -1 NAA, promoted the formation of 2.4 globular embryos per 1 mg of embryogenic aggregate (Figure 1) , a result similar to that reported by Carvalho et al. (2013) for the regeneration of embryos in Petri dishes using 2.0 mg L -1 NAA, the level commonly indicated for the production of clonal plants in commercial laboratories. Teixeira et al. (2004) , working Means followed by the same letter in the same column do not differ significantly by the Scott-Knott test at 5% probability. T3 (Boxtel and Berthouly 1996) . MM (Teixeira et al. 2004 ). 
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with several coffee genotypes and using the RM medium with 0.25 mg L -1 NAA, found that 71.3% of the genotypes studied exhibited some degree of regeneration after two months of cultivation, suggesting that the use of NAA for regeneration is broadly applicable.
The number of globular embryos showed a linear increase as the concentration of proline increased ( Figure  2 ). Proline at 4.0 mg L -1 produced 4 globular embryos per 1 mg of callus. The globular embryos that regenerated under this concentration were also larger than those that regenerated without proline (data not shown).
The studied concentrations of BA and IAA did not affect the conversion of globular embryos to cotyledonary embryos (Table 2 ), and all media tested resulted in 100% formation of cotyledonary embryos (Figure 3) . However, the sizes of these cotyledonary embryos differed in the different culture media (Table 2 ). All treatments produced embryos in each of the three size categories: small, medium, and large. The production of cotyledonary embryos of different sizes is commonly observed in cylindrical bioreactors and may be due to the decreased light in the interior of the embryo mass inside the bioreactor (Ducos et al. 2007a) . Barry-Etienne et al. (2002) obtained 86% germination of somatic embryos using RITA bioreactors, but these embryos exhibited heterogeneous anatomical features. Similarly, for Coffea canephora, Ducos et al. (2007b) reported heterogeneity in cotyledonary embryos grown in large (8 L) cylindrical temporary immersion bioreactors. The use of horizontal bioreactors reduces the heterogeneity of embryo size by exposing the embryo mass to more incident light (Ducos et al. 2007a ). (Table 2 ), but the percentage of small embryos with roots was lower than that of medium and large embryos.
In the present study, we improved several steps in the protocol for the large-scale production of somatic embryos. We found that the best conditions for coffee were as follows: multiplication of embryogenic aggregates with MM medium; regeneration of somatic embryos in liquid medium containing 2.0 mg L -1 NAA or in Petri dishes containing 4.0 mg L -1 proline; and the use of 2.0 mg L -1 BA for the production of cotyledonary embryos in RITA bioreactors. The results reported here have enabled the multiplication of clonal plants from different genetic backgrounds in the breeding program of the Fundação Procafé.
CONCLUSIONS
The culture medium MM provides a higher multiplication rate of embryogenic aggregates than does the medium T3. Increasing the concentration of NAA from 0.0 to 2.0 mg L -1 promotes a corresponding linear increase in the regeneration of Coffea arabica somatic embryos in liquid medium. The regeneration of Coffea arabica globular embryos in semisolid medium is directly proportional to the concentration of proline up to 4.0 g L -1
. The studied concentrations of BA and IAA did not affect the conversion of globular embryos to cotyledonary embryos, and all tested media resulted in 100% conversion and 2.0 mg L -1 BA/0.0 mg L -1 IAA combination produced the highest percentage of large cotyledonary embryos.
